Many of the virulence genes of pathogenic strains of Escherichia coli are carried in large multigene chromosomal segments called pathogenicity islands (PAIs) that are absent from normal fecal and laboratory K-12 strains of this bacterium. We are studying PAIs in order to better understand factors that govern virulence and to assess how such DNA segments are gained or lost during evolution. The isolation and sample sequencing of a set of 11 cosmid clones that cover all of one and much of a second large PAI in the uropathogenic E. coli J96 are described. These PAIs were mapped to the 64-and 94-min regions of the E. coli K-12 chromosome, which differ from the locations of three PAIs identified in other pathogenic E. coli strains. Analysis of the junction sequences with E. coli K-12-like DNAs showed that the insert at 94 min is within the 3 end of a phenylalanine tRNA gene, pheR, and is flanked by a 135-bp imperfect direct repeat. Analysis of the one junction recovered from the insert at 64 min indicated that it lies near another tRNA gene, pheV. To identify possible genes unique to these PAIs, 100 independent subclones of the cosmids were made by PstI digestion and ligation into a pBS؉ plasmid and used in one-pass sample DNA sequencing from primer binding sites at the cloning site in the vector DNA. Database searches of the J96 PAI-specific sequences identified numerous instances in which the cloned DNAs shared significant sequence similarities to adhesins, toxins, and other virulence determinants of diverse pathogens. Several likely insertion sequence elements (IS100, IS630, and IS911) and conjugative R1 plasmid and P4 phage genes were also found. We propose that such mobile genetic elements may have facilitated the spread of virulence determinants within PAIs among bacteria.
Escherichia coli is a normal inhabitant of the intestines of most animals and humans. There are distinct E. coli strains that have the potential to cause a wide variety of extraintestinal diseases, including septicemia and meningitis in neonates and urinary tract infections in children and adults (46) . These pathogenic isolates of E. coli, in contrast to common fecal strains, express traits that enable them to overcome host defenses, proliferate at extraintestinal sites, and cause tissue damage and disease (42) . For the uropathogenic E. coli, several adhesins that are distinguished by host cell receptor specificities are important in the colonization of the urinary tract (21, 28, 32) . These strains often express exotoxins, such as hemolysin and cytotoxic necrotizing factor type 1 (CNF-1) (10, 13, 59, 60) . The genes for these colonization and virulence factors are linked, and in some cases duplicated, on the chromosomes of many uropathogenic E. coli isolates (13, 14, 24, 25, 35) . The presence of genes for multiple virulence traits within regions of DNA unique to uropathogenic E. coli led Hacker et al. (22) to call these DNA segments pathogenicity islands (PAIs). Diarrheal E. coli strains also possess large chromosomal blocks of linked pathogenic determinants. For example, genes for the attaching and effacing phenotype of enteropathogenic and enterohemorrhagic E. coli strains are part of a discrete chromosomal segment called the locus of enterocyte effacement (38) . Other diverse pathogenic bacteria that also possess large blocks of pathogenesis-associated genes include Yersinia, Salmonella, and Dichelobacter spp. and Helicobacter pylori (1, 16, 39, 44) . Thus, the clustering of virulence genes appears to be a general phenomenon among bacteria (33) .
Here we present evidence that at least two PAIs are present in E. coli J96 and that the PAIs are linked to tRNA loci but at sites different from those occupied by other known E. coli PAIs. Furthermore, using a sample sequencing approach, we identified potential J96 PAI genes for toxin and adhesin determinants that were previously unrecognized in uropathogenic E. coli. This analysis also led to the identification of DNA sequences for insertion elements and phage and plasmid genes within the E. coli J96 PAIs that may facilitate the dissemination of these virulence determinants in bacterial populations.
DNAs were prepared as previously described (8) . E. coli J96-M1 chromosomal DNA was prepared by extraction with guanidium thiocyanate (48) . Cosmid and plasmid DNAs were extracted from E. coli host cells by alkaline lysis, and cosmid DNA used for subcloning was further purified by CsCl-ethidium bromide equilibrium density centrifugation (54) .
Restriction endonucleases and other DNA-modifying enzymes were purchased from commercial sources and used according to the manufacturers' instructions. PstI subclones from cosmid DNA were constructed and transformants were characterized and analyzed by standard protocols (54) .
Cosmid library construction. A cosmid library of E. coli J96 DNA was constructed essentially as described by Bukanov and Berg (8) . Briefly, DNA was digested with Sau3AI under conditions that generated fragments with an average size of 40 to 50 kb and electrophoresed through 1% agarose gels. Fragments of 35 to 50 kb were isolated and cloned into Lorist 6 vector that had been linearized with BamHI and treated with bacterial alkaline phosphatase to block self-ligation. Cloned DNA was packaged in lambda phage particles in vitro by using a commercial kit (Amersham, Arlington Heights, Ill.), and cosmid-containing phage particles were used to transduce E. coli DH5␣. Transductant colonies were transferred to 150 l of Luria-Bertani broth supplemented with kanamycin in 96-well microtiter plates and grown overnight at 37ЊC with shaking.
Hybridization probe preparation. RNA probes specific for the ends of cloned cosmid DNAs (riboprobes) were generated by in vitro transcription as follows. Cosmid DNA (1 to 2 g) was digested with EcoRV or HaeIII (for probes from T7 and SP6 promoters, respectively) to limit transcript length. The resulting restriction fragments were treated with chloroform-isoamyl alcohol (24:1), ethanol precipitated, resuspended in 10 l of distilled water, and used in in vitro transcription reactions with [␣-
32 P]dCTP and T7 or SP6 polymerases under conditions recommended by the supplier (Promega, Madison, Wis.). The labelled RNA was extracted with chloroform-isoamyl alcohol (24:1), ethanol precipitated, and then dissolved in 50 l of distilled water for use in hybridization analysis.
DNA fragments for use as hybridization probes were purified from agarose by using GeneClean (Bio101, Vista, Calif.) and were labelled by using an enhanced chemiluminescence (ECL) direct labelling kit (Amersham) or a random-hexamer primer-labelling kit (Stratagene) and [␣-
32 P]dCTP (Amersham). Colony and Southern blot hybridization. Overlapping cosmid clones were identified by colony and Southern blot hybridization as described previously (8) . In brief, for colony blot hybridizations, RNA probes were hybridized at 50ЊC in 50% formamide followed by three washes at 65ЊC in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS) and one wash in 0.1ϫ SSC-0.1% SDS; DNA probes were hybridized at 42ЊC in 50% formamide followed by four washes at room temperature in 2ϫ SSC-0.1% SDS and two washes in 1ϫ SSC-0.1% SDS at 68ЊC. For Southern blot hybridizations, DNA probes were hybridized at 42ЊC in 50% formamide followed by one wash in 2ϫ SSC-0.5% SDS at 20ЊC, one wash in 2ϫ SSC-0.1% SDS at 20ЊC, and then two washes in 0.1ϫ SSC-0.5% SDS at 68ЊC.
DNA fragments from cosmids were electrophoresed on 0.45% agarose gels, transferred to Hybond-Nϩ (Amersham) by capillary action, and alkali fixed to the membrane according to the manufacturer's instructions. Membrane prehybridizations, hybridizations, and washes were performed under high-stringency conditions in the presence of urea in accordance with the ECL protocol (Amersham). Hybridization results obtained with radioactively labelled probes were visualized by autoradiography, and ECL-labelled probes were visualized by luminography.
DNA sequence analysis and PCR. Sequencing of double-stranded DNAs from pBSϩ subclones was carried out with the Sequenase 2.0 sequencing kit (U.S. Biochemical, Cleveland, Ohio). Double-stranded cosmid DNA was sequenced by using the Fmol sequencing system (Promega) and a Thermocycler 480 apparatus (Perkin-Elmer, Foster City, Calif.). Universal primers corresponding to the T7 and T3 promoters of pBSϩ were used in all plasmid sequencing reactions. Oligonucleotides for DNA sequencing and PCR were synthesized as required with an Applied Biosystems DNA Synthesizer 481 (Perkin-Elmer) or were purchased from commercial sources. Database comparisons were performed with the Basic Local Alignment Search Tool (BLAST) program with similarity score (S-score) parameters as recommended by the designers (2). Alignments of junction sequences were performed with DNAStar software (DNAStar, Madison, Wis.).
RESULTS
Construction and ordering of the E. coli J96 cosmid library. Previous work had shown that E. coli J96 contains hly, pap, and prs gene clusters that are not present in E. coli K-12 (35, 61) . To investigate the structure and function of such putative PAIs, a cosmid library was constructed by ligating size-selected (35-to 50-kb) Sau3AI partial-digestion fragments of J96 genomic DNA into the cosmid vector Lorist 6, and packaged cosmid clones were transduced into E. coli DH5␣. Cosmid DNAs from 12 representative transductants were all 40 to 50 kb in length and exhibited different EcoRI digestion patterns, indicating that the library was random. Six hundred seventytwo kanamycin-resistant colonies were individually transferred to wells of microtiter plates for further analysis. Given a genome size of approximately 4,800 kb and cloned DNA fragments of approximately 40 kb, such a library should be approximately sixfold redundant.
To start identifying clones from the putative PAIs, the library was screened for hemolysin production on blood agar plates, and seven ␤-hemolytic clones were identified. Concurrently, nylon filters prepared with cosmid-containing bacteria were hybridized with pPAP5-derived probes to further identify PAI-containing cosmid clones. Fourteen clones exhibited pap or pap-like sequences, and three of these clones were also hemolytic. EcoRI, which generates fragments of 15 and 19.5 kb from pap and prs, respectively (43), was used to distinguish clones carrying genes for each type of pilus.
A walking method, involving hybridization of probes made from the ends of representative cloned DNAs to filters containing the full cosmid library, was used to order and identify overlapping PAI clones in the library. Clones that hybridized to pap probes and exhibited hemolytic activity were used first to make riboprobes; they were also hybridized to the cosmid library and to Southern blots containing E. coli DH5␣ and J96 chromosomal DNA to identify those that contained PAI-specific DNA and potential K-12 boundary sequences. Cosmidderived riboprobes that hybridized with both E. coli K-12 and J96 DNAs likely contained either the junction between PAIspecific and K-12-type DNA or copies of large repeated sequences such as insertion sequence (IS) elements. The hybridization analysis identified two clusters of overlapping cosmids, and minisets used for subsequent analysis were assembled ( Fig.  1 ). One miniset of four overlapping cosmid clones covers the prs-containing PAI (PAI V). A second miniset of seven overlapping cosmid clones covers much of the pap-containing PAI (PAI IV), including the right junction with K-12-type sequences (left and right designations are based on clockwise alignment of PAIs with the E. coli K-12 chromosome map). The PAIs are designated IV and V in accordance with previous publications (22, 39) . The left junction for PAI IV is not represented in the cosmid library, and given the redundancy of the library, this gap may reflect selection against particular clones, as has been seen elsewhere (8, 18, 30) . Attempts to close the gap by Southern hybridization of E. coli J96 DNA with a pheV probe and subsequent clone construction with DNA size selected on the basis of the corresponding hybridization signal were not successful. In addition, this gap could not be closed by either PCR strategies capable of amplifying Ͼ9-kb DNA species or direct DNA sequence analysis of J96 genomic-DNA preparations.
To determine the location of the PAI junctions relative to the K-12 chromosome map, RNA probes derived from cosmid clones carrying the K-12-J96 junction were hybridized to a filter containing the ordered Kohara phage library. The hybridization pattern indicated junction points for the two PAIs at 64 (pheV) and 94 (pheR) min on the K-12 chromosome. Intervening cosmids carrying only PAI-specific DNA did not hybridize to the Kohara phage filters. The size of PAI V, on the basis of the sizes of cloned DNAs and the predicted amount of DNA overlap (ϳ20%), is estimated as 1.1 ϫ 10 5 bp. We estimate that PAI IV is more than 1.7 ϫ 10 5 bp, but because the size of the gap is unknown, the size of PAI IV cannot be more precisely determined at this time. Restriction endonuclease fragment maps of PAI-containing cosmids are shown in Fig. 2 .
Construction and characterization of cosmid subclones. PstI fragments were generated from the 11 individual cosmids shown in Fig. 1 and ligated into PstI-digested pBSϩ, and 100 independent clones carrying one or more PstI fragments were isolated. The possible presence of multiple fragments in particular subclones did not complicate our studies because the determination of the precise gene order within a cosmid was not the object of this analysis. Approximately 100 to 200 nucleotides of sequence were determined from the ends of each clone by using vector T7 and T3 promoter sequences as universal primer binding sites, thereby generating two distinct sequences from each subclone. The sequences were compared with the database for analysis of similarity at both the protein and nucleotide levels by using the BLAST algorithm (2). Similarity results and S-score values for representative searches are summarized in Table 1 .
To place selected PstI fragments on the low-resolution restriction endonuclease maps obtained for the cosmid clones, probes were generated from several clones shown in Table 1 and Southern hybridizations were performed. The results are shown in Fig. 2 . Probes derived from hemolysin-containing clones (589/B) hybridized to both PAIs as expected on the basis of earlier studies (26) and our initial cosmid mapping. The coding region for CNF-1 was found on PAI V (cosmid 10), linked to hly sequences, as previously described (14) . An agglutinin-like sequence, identified recently in E. coli K99, was found on cosmid 9 (PAI V). Sequences similar to an activator component of two-component regulatory systems (clone were found on the same fragment as the open reading frame (ORF) sequence matching the Bacillus stearothermophilus IS. Sequences similar to gene 32, which is proximal to the origin of transfer (oriT) of the E. coli R1 plasmid (clone 7-6) and bacteriophage P4-like sequences (clones 7-13 and 9-6), were hybridized against cosmids from both PAIs. The gene 32 probe hybridized to cosmids 6 and 7 (PAI IV), apparently on overlapping DNA fragments, and also to cosmid 12 (PAI V) (57) . Sequences similar to those encoding a protein of unknown function in bacteriophage P4 (clone 7-13) hybridized to cosmids 6 and 7 (PAI IV) but not to cosmids representing the PAI V. Sequences similar to the attP and int regions of bacteriophage P4 (clone 9-6) were found in cosmid 9 (near the right PAI-specific junction of PAI V) but not in the respective PAI IV cosmids. Sequences similar to the insertion element IS630 (clone 4-27) hybridized only to cosmid 4 (PAI IV). Sequences similar to the Yersinia pestis-like insertion element IS100 were identified on two overlapping cosmids (11 and 12) from PAI V. A potential gene encoding an ORF (clone 10-2) similar to the B. stearothermophilus IS mentioned above was identified on cosmids 10 and 11 in PAI V.
Sequences at PAI-K-12 junctions. The precise junction points of PAI V with E. coli K-12 chromosomal-type sequences were determined by sequencing of appropriate clones carrying the two ends of PAI V. DNA sequences were determined from the ends of cosmid 9 and 12 inserts, and these sequences matched the K-12 cad gene region (94 min), in agreement with the Kohara phage mapping results. Oligonucleotide primers were synthesized to match the K-12 cad gene sequence and used to progressively walk toward and into the J96-specific DNA sequences from both junction regions. Both strands were sequenced by using appropriate primers (Fig. 3) . This analysis showed that PAI V was near the cad genes and a phenylalanine tRNA gene, pheR, and revealed a 135-bp nearly perfect duplication at the left and right J96-K-12 junctions. An intact copy of pheR was present at the right junction, and a segment consisting of 25-bp of the 3Ј end of pheR with a single internal base pair deletion was found at the left junction. Only the left iai.asm.org junction carries cad sequences, while the sequence between the cad and pheR genes is present at both junctions. Approximately 100 bp immediately adjacent to the duplicated regions within the PAI did not exhibit similarity to sequences in the database (57) . To analyze the DNA remaining after the loss of PAI V, the pheR region from the genome of J96-M1, a spontaneous-deletion derivative, was PCR amplified with primers matching a site in the K-12 cad gene and sequences downstream of pheR. This resulted in a 1.1-kb PCR product, as expected from the K-12 sequence. We sequenced approximately 300 bp of the PCR product through the pheR gene and found a single copy of the duplicated region carrying the single base pair deletion at the 3Ј end of pheR that is characteristic of the left junction sequence (Fig. 3) .
A similar strategy of DNA walking from the T7 promoter sequence on cosmid 8 identified the apparent right junction of PAI IV (57) . The gap in the cosmid library prevented determination of the left junction. Comparison of PAI IV to the E. coli K-12 genome sequence indicated a match in the 65-to 68-min region (49) within 250 bp of a phenylalanine tRNA gene, pheV, which is in accord with the location inferred from the Kohara phage mapping. Precise localization of the junction will require further refinement of the E. coli K-12 sequence. The 150 bp of PAI-specific DNA adjacent to the PAI IV right junction were not similar to the sequences adjacent to the PAI V junction but instead indicated similarity to kps (capsular polysaccharide) gene sequences (56) , which are present in certain pathogenic E. coli strains but not in strain K-12.
DISCUSSION
The present study contributes to the emerging concept that large sets of genes, some of which contribute to colonization and virulence, tend to be clustered in PAIs at relatively few loci in the chromosomes of pathogenic bacteria and that pathogenic and nonpathogenic strains of a given species tend to differ by the presence or absence of such PAIs (33) . Using E. coli J96 as a prototype for uropathogenic E. coli, we have begun studying its PAIs in order to identify and better understand the mechanisms involved in extraintestinal E. coli diseases and how PAIs are acquired, lost, or changed during bacterial evolution. The E. coli J96 chromosome encodes several well-characterized factors involved in extraintestinal disease, including two types of P fimbriae (Pap and Prs), hemolysin, and the CNF-1 toxin (9, 36, 58) . Previous studies indicated that the P-fimbrial and CNF-1 genes are linked to the hly operon in strain J96 (6, 14) . Accordingly, sets of overlapping cosmid clones of two J96 hly-encoding PAIs and their J96-K-12-like junction regions were assembled. Two cosmid minisets were acquired, with one set containing four clones covering a complete PAI and a second set containing seven clones covering part, but not all, of a second PAI. Sample sequencing (31) of subclones from these cosmids revealed ORFs with significant amino acid sequence similarity to colonization and virulence gene products of other pathogens and the presence of insertion elements as well as phage and plasmid genes that are likely to be involved in the movement and recombination of the J96 PAIs.
Three different J96 PAI-specific regions matched most closely gene segments in the Proteus mirabilis MR/P adhesin (4), enterotoxigenic E. coli heat-resistant agglutinin (37) , and the Streptococcus parasanguis adhesin family (17, 19, 55) . These J96 PAI-specific DNA segments may express adhesins that were not previously known to occur in uropathogenic E. coli. This remarkable complexity of potential adhesins may help to explain the difficulty in demonstrating in vivo colonization or virulence phenotypes for E. coli pap knockout mutants in a murine model of ascending urinary tract infection (41) . The extensive 879-bp match to the S. parasanguis adhesin family present in the PAI IV subclone is intriguing because it suggests that gram-positive and gram-negative bacteria may share common surface adherence determinants. The Streptococcus sanguis adhesin-like sequences are just 5Ј of the hly operon present on the well-characterized pSF4000 hemolysin recombinant plasmid. Earlier DNA hybridization analysis using a probe corresponding to this pSF4000 region indicated that this portion of the PAI IV is rare among hemolytic, uropathogenic E. coli isolates (61) . From this we conclude that the linkage relationships within PAI gene blocks can be dissimilar and that it is likely that uropathogenic E. coli PAIs undergo additional recombination processes that lead to additions and deletions of genes within the PAI. The finding of sequences similar to those of the Serratia marcescens hemolysin structural and transport genes (50) is intriguing because neither of the parental cosmids carrying these sequences confers a hemolytic phenotype to E. coli K-12 (57) . However, this particular hemolysin is part of a family of diverse cell surface and secreted bacterial proteins with members that act primarily as adhesins rather than cytolysins (5, 12, 47) . Thus, at present the limited J96 sequence information available does not reveal the significance of these cosmids' nonhemolytic phenotype.
One of the important discoveries described here is that the chromosomal locations and junctions of the J96 PAIs are different from those described for the uropathogenic E. coli 536 PAIs and the enteropathogenic E. coli locus of enterocyte effacement. PAI V is flanked by a 135-bp imperfect direct repeat encompassing a region containing a tRNA gene, pheR. The deletion of PAI V from the chromosome leaves a single copy of the duplicated region at the deletion site, suggesting a homologous recombination process. One junction region of PAI IV was determined and is located near a tRNA gene, pheV. Although E. coli J96 PAI V and the PAIs of E. coli 536 (7) are located at tRNA loci, there are no obvious matches between possible PAI insertion target sequences. In E. coli 536, 16-and 18-bp direct repeats participate in excision of PAIs and a conserved 6-bp sequence is found at the junction regions (7, 29) . The PAI V terminus-specific DNA sequences do not exhibit similarity to any sequences in the database; however, it is interesting that the PAI IV terminus-specific DNA matches closely the K1 polysialic capsular biosynthesis genes (kps). This is a curious discovery given that E. coli J96 expresses a K6-type capsule (23) . It suggests that PAIs may be a potential source of genes used in recombination events that could lead to changes in expression of capsular antigens.
Although each of the uropathogenic E. coli PAIs studied to date share pap-like and hly-like determinants, differences in their chromosomal loci, sizes, and junction termini indicate diversity in PAI genetic biology and evolution. The site-specific insertion into tRNA genes of different genetic elements appears to be a general phenomenon among bacteria (11, 52) . In consideration of the evolution of the E. coli PAIs, some have speculated that the involvement of tRNA genes in site-specific integration reflects shared sequence similarity of different genetic elements, such as temperate bacteriophage, to conserved sequences within the 3Ј termini of tRNA genes (52) . A virulence-associated region in Dichelobacter nodosus contains an integrase-like gene similar to that found in bacteriophages P4 and R73 (11). Bacteriophage P4-like int and 9.7K protein gene sequences were identified in PAI V and PAI IV, respectively. It is interesting that our DNA hybridization results indicate that these two sequences are not present together in either of the PAI cosmid minisets. This suggests that complete P4-like genomes are probably not found in the individual J96 PAIs. The significance of this is unclear at present but again VOL. 64, 1996 E. COLI J96 PATHOGENICITY ISLANDS 3741
suggests that the J96 PAIs have gone down separate evolutionary pathways. With regard to what type of genetic element may be responsible for horizontal transfer of PAIs, the identification of conjugative-plasmid-like sequences in the J96 PAIs supports the role of plasmids acting as possible vectors for horizontal transmission and evolution of PAIs. The possible presence of at least three IS elements further suggests that the PAIs are the targets for diverse recombination processes. Interestingly, sequences similar to IS100, an insertion element identified in Y. pestis but not originally thought to occur in E. coli (51) , were identified in PAI V. IS100 has been implicated in plasmid-chromosome exchange and also in deletions in Y. pestis (15, 16) . This IS-like element could provide a mechanism in E. coli J96 for PAI deletions or acquisition and integration of plasmid DNA as is found in Y. pestis.
The expression of PAI-associated genes appears to be critical for growth of uropathogenic E. coli in murine models of ascending urinary tract infection (45, 53) . Our evidence for the existence of pathogen-specific colonization factors and virulence genes that were previously unknown in uropathogenic E. coli is an important advance in the study of the complex pathway that leads to urinary tract disease by this organism. The potential for transfer and acquisition of PAI-associated genes would be a distinct adaptive advantage for E. coli strains that grow at extraintestinal sites. Genetic analysis of these potential virulence genes and mobile DNA elements is under way in our laboratories.
